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Recent	availability	of	carbon	nanotubes	 in	quantities	and	 formats	amenable	 to	producing	
macroscale	components	invites	consideration	of	these	materials	in	space	applications	where	
their	attractive	properties	can	enable	the	realization	of	bold	concepts	for	affordable	space	
exploration.	The	challenge	 is	to	 identify	relevant	systems	and	quantify	the	benefits	at	 the	





must	 be	 overcome	 for	 deployment	 of	 CNTs.	 It	 also	 provides	 a	 simple	 engineering‐level	
















prioritization	 of	 its	 utility	 in	 various	mission	 scenarios	 that	 require	 the	 development	 of	
https://ntrs.nasa.gov/search.jsp?R=20190025791 2019-08-31T11:56:20+00:00Z
advanced	 materials	 to	 come	 to	 fruition.	 Future	 missions	 will	 seriously	 consider	 CNTs	
applications	if	they:	1)	provide	a	significant	mass	advantage	to	offset	their	low	technology	




One	 of	 the	 biggest	 challenges	 for	 CNT	 inclusion	 in	 a	 mission	 is	 the	 weak	 link	 between	
technology	push—identified	in	reviews	and	roadmaps	discussed	in	this	paper—and	actual	
mission	demand	(technology	pull).	The	purpose	of	this	work	is	twofold:	1)	provide	methods	
to	 quantify	 the	 system‐level	 benefits	 of	 carbon	 nanotubes	 (CNTs)	 for	 missions	 and	
components	 of	 space	 architecture,	 and	 2)	 identify	 CNT	 applications	 that	 would	 further	
amplify	the	benefits	of	CNTs.	The	discussions	will	be	limited	to	space	applications.		A	brief	
overview	of	existing	surveys	and	roadmaps	on	CNTs	is	presented,	followed	by	a	description	








wall	 carbon	 nanotube	 (SWNT)	 offer	 orders	 of	 magnitude	 improvement	 over	 aluminum	
2219‐T87.	The	results	were	based	on	0%	minimum	gauges	and	theoretical	properties	of	the	
carbon	nanotube	fiber	reinforced	polymer	using	standard	micromechanics	equations.	These	
conclusions	 assumed	 retention	 of	 nanoscale	 properties	 at	 the	macroscale.	 	 They	 did	 not	
account	 for	 large	volume	manufacturing	constraints	and	structural	design	considerations	
such	 as	 minimum	 gauge,	 supporting	 structures,	 durability,	 and	 application	 to	 non‐load	
bearing	components.	For	example,	in	the	original	system	analysis	study	Talay	et	al.	(2000)	
assumed	that	CNTs	behaved	like	carbon	fiber	composites	so	strength	properties	were	cut	off	
at	 the	 1%	 level	 of	 strain	 observed	 in	 current	 composite	 polymer	 systems;	 full	 nanotube	
strengths	 are	 only	 achievable	 at	 strains	 an	 order	 of	 magnitude	 greater	 than	 current	
composite	strain	allowable.	The	assumption	may	not	acceptable	for	some	design	situations.	
	
Meyyappan	 and	 Dastoor	 (2004)	 organized	 a	 workshop	 for	 nanotechnology	 in	 space	
exploration.	 One	 of	 the	 promising	 concepts	 identified	 in	 this	 workshop	 was	 thermal,	
radiation	 and	 impact	 protective	 shields	 (TRIPS),	 which	 are	 a	 multifunctional	 thermal	
protection	system	(TPS)	concept.	The	base	material	is	phenolic	impregnated	carbon	ablators	
(PICA)	 that	 incorporate	 hydrogenated	 CNT,	 adding	 radiation	 shielding	 as	 a	 second	
functionality.	The	TRIPS	concept	uses	small	amounts	of	CNT	that	can	store	hydrogen.	The	
storage	 level	may	 not	 be	 adequate	 to	make	 a	 significant	 difference	 (Go/No‐Go	 Decision,	









remain	 far	 lower	 than	 the	 properties	 of	 individual	 CNTs.	 It	 is	 important	 to	 retain	 the	
observed	nanoscale	properties	at	the	macroscale	if	these	materials	are	to	find	broad	utility.	
This	has	remained	a	challenge,	although	progress	is	being	made	in	understanding	some	of	






needed	 technologies	 and	development	pathways	 for	 the	next	20	 years	 (2015‐2035).	The	
roadmap	focuses	on	“applied	research”	and	“development”	activities	that	have	the	greatest	
potential	 influence	on	NASA	missions.	The	technology	roadmap	is	broken	into	four	major	
areas:	 1)	 engineered	materials	 and	 structures,	 2)	 energy	 storage,	 power	 generation	 and	
power	distribution,	3)	propulsion,	and	4)	sensors,	electronics,	and	devices.	
	
While	 the	 widely	 reported	 properties	 of	 CNTs	 have	 inspired	 visions	 of	 game	 changing	
aerospace	 applications,	 there	 is	 often	 a	 weak	 link	 between	 speculated	 utility	 and	 actual	
mission	demand,	largely	due	to	a	lack	of	understanding	of	performance	requirements	and	






















The	 committee	 on	 the	 planetary	 science	 decadal	 survey	 (Vision	 and	 Voyages,	 2011)	 has	








































































Aerospace	 systems	 are	 generally	 complex	 and	 comprised	 of	 many	 interconnected	
subsystems.	Changes	in	one	part	of	the	system	may	exhibit	anticipated	and/or	unforeseen	








The	 focus	 is	 on	 the	 systems	 as	 a	 whole	 and	 the	 relationship	 among	 subsystems,	 their	















ܯ଴ ൌ ܯProp ൅	ܯSys ൅	ܯPayload	 [2]	
	
where	ܯ଴, 	ܯProp,ܯSys, and	ܯPayload 	are	 the	 initial,	 propellant,	 system,	 and	 payload	 mass	






Gear	 ratio	 is	 a	 figure	 of	merit	 for	mission	 design;	 it	 represents	 the	 initial	 units	 of	mass	
required	to	deliver	one	unit	of	useful	payload	to	a	designation	(ܯ଴ ܯPayload⁄ ).	Figure	1	shows	







































aeroshell.	 This	 is	 primarily	 due	 to	 concerns	 that	 a	 single	 HIAD	 may	 not	 survive	 two	
atmospheric	entries	with	weeks	or	months	in	between.	One	approach	to	reduce	system	mass	
is	the	use	of	advanced	materials	such	as	CNTs.	System	analysis	of	human	Mars	EDL	indicates	





significant	 impact	 on	 the	 entire	 human	 Mars	 architecture.	 The	 next	 section	 provides	 a	
discussion	 on	 opportunities	 and	 challenges	 for	 CNT	 insertion	 into	 applications	 that	 can	
benefit	from	significant	mass	savings.	
	
Opportunities and Challenges 
Since	the	biggest	payoff	for	mass	savings	is	attained	in	missions	having	high	gear	ratio,	the	
applications	 to	 be	 discussed	 will	 be	 limited	 to	 those	 that	 support	 such	 missions.	 	 The	





















































































use	 in	 the	 fabrication	of	 large	structures.	 	 It	should	be	noted	that	carbon	fiber	reinforced	
polymer	(CFRP)	composites	are	state	of	the	art	for	lightweight	structures,	so	CNTs	will	have	






Improving	 combustion	 efficiency	 requires	 higher	 combustion	 temperature	 and	 pressure,	





(MWCNTs)	 and	 diamond	 (D)	 particles	 in	 the	 NARloy‐Z	matrix	 using	 powder	metallurgy	
techniques.	The	effort	was	not	successful,	and	it	was	traced	to	their	supply	of	MWCNTs	that	







Solar	 sails	 are	 non‐rocket	 spacecraft	
that	 use	 radiation	 pressure	 from	
sunlight	 for	 primary	 propulsion	
(Bolonkin,	 2006).	 The	 sails	 are	
several	 meters	 wide	 and	 are	
constructed	 with	 highly	 reflective	
ultrathin	 materials,	 typically	
aluminized	Kapton.	Figure	5	shows	a	
nanosatellite	 that	 deployed	 NASA's	
first‐ever	solar	sail	in	low‐Earth	orbit	
(NASA's	Nanosail‐D,	 2011;	 Solar	 Sail	
Stunner,	 2011).	 The	 solar	 sail	
successfully	 completed	 its	 Earth	
orbiting	 mission.	 A	 NASA	 research	
team	 is	 developing	 another	 project	





































in	 a	 reduction	 of	 gear	 ratio	 from	 36	 to	 25.	 The	 electrical	 and	 thermal	 properties	 that	
accompany	high	surface	area	CNT	powders	can	contribute	to	such	a	mass	reduction	even	at	
very	low	concentrations	(Yan	et	al.,	2016).		Kappagantula	et	al.	(2015)	studied	the	influence	







of	 acceleration	 of	 reaction	 rates	 by	 mixing	 CNTs	 with	 pyrotechnic	 materials	 have	 been	
published	 (Yan	 et	 al.,	 2016).	 	 Studies	 will	 have	 to	 be	 conducted	 on	 scalability	 of	 highly	











into	 the	 composite.	 	Design	 configurations	 for	 CNT	 containing	 composites	may	be	worth	





The	 TPS	 systems	 used	 in	 many	 spacecraft	 components	 range	 from	 simple	 multi‐layer	














results	 indicated	 that	 increases	 in	 MWCNT	 content	 improved	 ablation	 and	 insulation	
performance	 of	 nanocomposites.	 	 Further	 investigations	 to	 confirm	 the	 above	 results	 in	
larger	samples	subjected	to	the	rigors	of	tests	typically	conducted	for	TPS	are	needed.		If	the	
performance	 characteristics	observed	 in	 laboratory	 scale	 experiments	 can	be	 retained	 in	




Electrical	 and	 electromagnetic	 properties	 of	 CNTs	 have	 supported	 near	 term	 space	
applications.		NASA’s	Juno	spacecraft	(Houston,	2016)	was	designed	to	travel	through	strong	
radiation	 belts	 en	 route	 to	 Jupiter.	 This	 required	 a	 stronger‐than‐usual	 electrostatic	
discharge	protection,	replacing	traditional	aluminum	foil	bonded	to	the	spacecraft	surface.	
Rawal	et	al.	 (2013)	describes	applications	of	CNTs	based	composite	components	 for	 Juno	





using	 CNT	 membranes	 for	 electromagnetic	 shielding	 and	 to	 enhance	 lateral	 thermal	
conductivity.	 The	 role	 of	 surface	 coatings	 in	 improving	 satellite	 thermal	 control	 and	
electrical	conductivity,	radiation	hardness	of	commercial‐grade	microprocessors	for	use	in	
satellites,	 and	 hardening	 satellite	 structures	 was	 also	 discussed.	 Use	 of	 CNTs	 is	 being	
suggested	for	aircraft	lightning	strike	protection.		Current	solutions	rely	on	the	conductivity	
of	metallic	meshes.		However,	if	CNTs	can	attain	the	required	levels	of	conductivity,	without	








three	 categories:	 electronic	 components,	 propulsion	 elements,	 and	 payload	 thermal	
management.	 Poor	 thermal	 management	 could	 result	 in	 equipment	 with	 shortened	 life,	

























Several	 EDT	 concepts	 have	 been	
designed	and	flown	with	different	levels	
of	 success.	 The	 Propulsion	 using	
Electrodynamics	 (PROPEL)	 experiment	
shown	 in	 Fig.	 6	 was	 designed	 to	 have	
both	 boost	 and	 deboost	 capabilities	
using	 a	 single	 tether	 (Gilchrist	 et	 al.,	
2012).	 Johnson	 and	 Herrmann	 (1998)	
proposed	 using	 EDT	 to	 reboost	 the	




200	 kg,	 but	 it	 could	 save	 2‐4	 t	 of	
propellant.	Gallagher	 et	 al.	 (1998)	have	
















proposed	 using	 CNT	 for	 field	 emission	 array.	 Bell	 et	 al.	 (2013)	 present	 a	 concept	 for	













impacts.	 	 While	 many	 of	 the	 desired	 properties	 for	 CNT	 tethers	 are	 surpassed	 on	 the	
nanoscale,	 they	need	 to	be	 retained	on	 the	macroscale	 in	order	 to	be	considered	 for	 this	









order	 to	 implement	 CNTs	 for	 space	 missions,	 CNTs	 need	 to	 be	 characterized	 for	 their	
effectiveness	at	macroscopic	 levels,	manufactured	at	a	 large	scale,	and	 fabricated	reliably	
into	 large	 space	 structures.	 From	 a	 systems	 analysis	 perspective,	 potential	 aerospace	
applications	need	to	be	identified	and	their	benefits	quantified	at	the	systems	level.	
	
This	paper	discussed	 some	of	 the	potential	 space	 applications	 for	 carbon	nanotubes	 and	
provided	a	simple	engineering	level	approach	to	quantify	the	benefits.	There	are	many	other	
potential	 space	applications	of	CNTs	 such	as	 carbon‐nanotube	 resin	mirror	 for	optic	 in	a	
CubeSat	 telescope.	 Other	 potential	 space	 CNTs	 applications	 	 are:	 hypersonic	 inflatable	
aerodynamics	decelerators	(HIADs),	adaptive	deployable	entry	and	placement	technology	
(ADEPT),	 high	 altitude	 long	 endurance	 vehicles	 (e.g.,	 Mars	 and	 Venus	 airplanes),	 in‐situ	





designers	 to	 close	 the	 gap	 between	 innovative	material	 concepts	 and	 realistic	 aerospace	
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